The organization of chromophores in the cytochrome b 6 f from Chlamydomonas reinhardtii has been studied spectroscopically. Linear dichroism (LD) measurements, performed on the complex co-reconstituted into vesicles with photosynthetic reaction centers as an internal standard, allow the determination of the orientations of the chromophore with respect to the membrane plane. The orientations of the b H -and b L -hemes are comparable to those determined crystallographically on the cytochrome bc 1 . The excitonic CD signal, resulting from the interaction between b-hemes, is similar to that reported for the cytochrome bc 1 . LD and CD data are consistent with the differences between the b 6 f and bc 1 leaving the orientation of the b-hemes unaffected.
Cytochrome (Cyt) 1 b 6 f is one of the three membrane protein complexes involved in electron transport in oxygenic photosynthesis. It receives electrons from plastoquinol reduced by the oxygen-producing photosystem II reaction centers and transfers them to plastocyanin, the electron donor to the NADP ϩ -reducing photosystem I reaction centers. Electron transfer through the Cyt b 6 f complex is coupled to proton translocation across the membrane. Cyt b 6 f thereby contributes to building up the electrochemical proton gradient that drives ATP synthesis. A homologous complex, Cyt bc 1 , carries out an equivalent function in the respiratory chains of mitochondria and bacteria. The structure of mitochondrial Cyt bc 1 has been determined by x-ray diffraction (1-3), whereas only low resolution electron microscopy projection maps are available for Cyt b 6 f (4, 5). 2 The structure of two important extramembrane fragments of Cyt b 6 f, the catalytic domains of Cytf (7, 8) and of the Rieske protein (9) , has been established by x-ray diffraction.
Cyt b 6 f resembles Cyt bc 1 in its general energy-transducing function and in some aspects of its subunit composition and properties (see Refs. 10 -13) , but it also exhibits structural and functional peculiarities. Functionally, the following differences may be noted: (i) the redox potential gap between the low potential (b-hemes) and high potential (Rieske protein, c 1 /fhemes) branches of the electron transfer pathway is significantly larger in the b 6 f complex; (ii) the electron transfer steps leading to quinone reduction at the cytosolic quinone-binding site (Q i ) and the sensitivity of this site to inhibitors are different; and (iii) the mechanism that couples proton translocation to electron transport by Cyt bc 1 , first formulated as Mitchell's quinone (Q)-cycle hypothesis (14) and later modified (15, 16) , appears to be complemented by active proton pumping in the case of Cyt b 6 f (see Refs. 12, 13, 17, and 18) . Structurally, the b 6 f complex presents many differences with Cyt bc 1 (reviewed in Refs. 13 and 18) as follows: (i) the single protein that bears the two b-hemes in the bc 1 complex, apocytochrome b, is split in the b 6 f one into two subunits, apocytochrome b 6 and subunit IV; (ii) the two heme-carrying histidine residues are separated by 13 residues in the fourth helix of apocytochrome b and by 14 residues in that of apocytochrome b 6 ; (iii) the high potential cytochromes, Cyt f and Cyt c 1 , are not homologous to each other and feature totally different folds and modes of heme ligation (2, 3, 7) ; (iv) with the exception of the third redox-active protein, the iron-sulfur Rieske protein, the other subunits in the two complexes (subunits PetG, PetL, and PetM in Cyt b 6 f; see Ref. 19 and references therein) appear unrelated; (v) the b 6 f complex contains pigments, chlorophyll a (Chla), and ␤-carotene, which are not present in Cyt bc 1 (see Refs. 20 -22 and references therein). 3 All of these compositional and structural differences could entail discrepancies in the relative arrangement of the redox-active groups in the two types of complex, a matter about which nothing is known.
EPR or linear dichroism spectra recorded on oriented immobilized samples contain information about the orientation of probes that possess g-tensor anisotropy (paramagnetic transitions) or optical anisotropy (electronic absorbance transitions). Many EPR studies have been made on the Rieske protein of the Cyt bc 1 and b 6 f complexes (24 -28) . The recent resolution of the crystallographic structure of mitochondrial Cyt bc 1 has made it possible to correlate the orientations of the g x , g y , and g z axes with the geometry of the iron-sulfur cluster. Similarly, EPR studies on a crystal of oxidized Cyt c (29) established that the g x and g y axes of the tensor lie along the two N-Fe-N axes, and the g z axis is normal to the plane. In principle, this information could be used to try and determine by EPR the orientation of the c 1 /f-and b-hemes in the bf-bc complexes. In practice, however, the low amplitude and overlap of the EPR signals render a precise study difficult (26, 30) . Linear dichroism (LD) constitutes an alternative method. The ␣, ␤, and ␥ optical absorbance bands of Cyt c are known to correspond to electronic transitions lying in the heme plane (31), a conclusion tentatively extended to other hemes (32) . Each of these bands corresponds, in many but not all cases (33) , to the overlap of two transitions. The directions of the two transitions in the plane of the heme are not known with certainty but have been proposed to lie along the X and Y Fe-pyrrole ring directions (34, 35) . Bacteriochlorophylls (BChl) and chlorophylls (Chl) lack the high degree of symmetry of porphyrins, and the absorbance bands associated with different directions in the plane of the chlorin ring are therefore always distinct (32, 36) .
In the present work, we have applied LD to studying the orientation of the hemes and of Chla in the Cyt b 6 f complex from the freshwater alga Chlamydomonas reinhardtii. This study has been complemented by measuring the circular dichroism (CD) signal that results from excitonic interaction between the b-hemes, whose intensity depends on their distance and relative arrangement in space. Altogether, these data provide information about similarities and differences in the organization of prosthetic groups in the Cyt b 6 f complex as compared with that in the mitochondrial enzyme.
EXPERIMENTAL PROCEDURES
Purification of Cyt b 6 f Complex and Photosynthetic Reaction Center-C. reinhardtii Cyt b 6 f was purified as described previously (19) . Cyt b 6 concentrations were determined by absorbance measurements performed on a Hewlett-Packard 8543 spectrophotometer following reduction with either ascorbate or dithionite, taking the molar extinction coefficient in the difference spectrum to be ⑀ 564 ϭ 20,000 M Ϫ1 ⅐cm Ϫ1 (37). Reaction centers (RC) were purified from Rhodobacter sphaeroides R-26 by a protocol derived from Ref. 38 . The membrane fragments were resuspended to A 870 ϭ 50 in 50 mM Tris-HCl buffer, pH 8.0. LDAO (0.1% w/v) was added, and the mixture was stirred for 15 min at room temperature in the dark and centrifuged at 255,000 ϫ g for 90 min. After dialysis, the supernatant was loaded onto a DEAE-Sephacel column (Amersham Pharmacia Biotech) equilibrated with 10 mM TrisHCl, pH 7.5, 0.1% LDAO (buffer C), and eluted with a 10 -500 mM NaCl linear gradient. Fractions containing the RC were pooled, concentrated by ultrafiltration, and dialyzed against buffer C. A second chromatography was then performed in the identical manner. The pure RC (A 280 / A 800 Ͻ1.3) was pooled, concentrated, and stored at Ϫ70°C.
Preparation of Reconstituted Vesicles-Cyt b 6 f complex was co-reconstituted into lipid vesicles along with RC using a procedure similar to that described in Ref. 39 . RC was first transferred from LDAO to Hecameg (HG) solution by DEAE-Sephacel chromatography. Cyt b 6 f, RC, and a solution of egg phosphatidylcholine (Sigma) in HG were mixed in a weight ratio of 1:1:10 in HG solution (20 mM in 20 mM Tricine buffer, pH 8.0), respectively, and the mixture was diluted with Tricine buffer below the critical micellar concentration of HG (39) . Proteoliposomes were collected by centrifugation at 90,000 ϫ g at 4°C for 10 min on a 30% w/v sucrose cushion in the same buffer.
Absorbance Spectroscopy and Redox Titration-Optical redox titrations were done using the following mediators: 20 M benzyl viologen, 40 M duroquinol, 20 M phenazine, 20 M naphthoquinol, 20 M anthraquinol 2-sulfonate, 20 M 2,5-dihydroxy-p-benzoquinol, 40 M 2,3,5,6-tetramethyl-p-phenylenediamine. Samples were supplemented with 60% glycerol (v/v). Equilibrium redox titrations were performed with an anaerobic redox cuvette as described in Ref. 40 . Reduction was achieved by adding aliquots of an extemporaneously prepared concentrated solution of sodium dithionite. Samples were transferred into sealed optical cuvettes after redox equilibrium (monitored under argon) was reached. Absorbance spectra were recorded at 100 K on a Cary 14 interfaced to a microcomputer.
Linear Dichroism Spectroscopy-LD spectra were recorded at 10 K on isolated Cyt b 6 f complexes and proteoliposomes integrated into squeezed polyacrylamide gel as described previously (41, 42) . Polymerization of the gel was accompanied by a partial and variable bleaching of the b 6 f-associated Chla. In the spectra from these samples, the contribution of Chla therefore is less than in the original b 6 f preparations (compare Fig. 2 with Fig. 2 of Ref. 19) . The different redox states were obtained by incubating the gels overnight in 27 mM Tris-HCl, 60% (v/v) glycerol, containing either 25 mM ferricyanide, 100 mM ascorbate, or 100 mM dithionite. In some samples, heme b H turned out to be partially reduced by ascorbate, which helped in the decomposition of the LD spectra. LD spectra were recorded on a home-built spectrophotometer (42, 43) . The orientation of electronic transitions was calculated using Equation 1 .
where LD represents the amplitude of the linear dichroism signal, A that of the absorbance signal, ␤ the tilt of the transition with respect to the gel compression axis, and ␣ a constant that is a function both of the statistical orientation parameter of the sample in the polyacrylamide gel and of the characteristics of the spectrophotometer. When the two transitions X and Y are energetically distinct the angles ␤ x and ␤ y for each transition can be determined. Assuming X and Y transitions to be orthogonal to each other and to lie in the plane of the tetrapyrrole ring, the tilt of the normal to the ring with respect to the gel compression axis is given by Equation 2. .
where is the angle between the X and the Y transitions. A fitting program (Sigma Plot, Jandel Scientific) was used to simultaneously fit LD and absorption (from dichroism and redox titration experiments) spectra. The fitting procedure held, for a heme, the wavelength positions of the X and Y transitions constant in the LD and absorption spectra and held the A X /A Y areas ratio constant in all absorption spectra and between two LD spectra, but allowed these ratios to vary between absorption and LD spectra. Gaussian line shapes were used.
There are two sources of experimental errors, measurements and analysis. The laboratory-built spectrophotometer used yields measurements (recorded twice and averaged) whose noise level does not exceed 1% of the signal. The main source of errors therefore arises from the fitting procedure. For a given heme, we allowed a maximum 2% of variation in the respective contributions of the X and Y transitions to independent spectra. Global fits were constrained to respect a maximum 3% of deviation of fitted versus experimental values. From Equation 1, we can evaluate the propagation of errors, ⌬LD and ⌬A, on the orientation of a single transition, ⌬␤, as shown in Equation 4 .
The value of ⌬␤ depends on that of LD/A, but in the worst case and considering the largest error, the margin of error is Ϯ 2.5°. Most results presented in this paper refer to normal to the heme plane as defined by the X and Y transitions instead of angles of individual transitions. From Equation 2, we can evaluate the resultant errors, ⌬, on the tilt angle of this normal, as shown in Equation 5 .
The error again depends on LD/A, but in the worst case we calculate a maximal theoretical margin of error of Ϯ3.5°.
Circular Dichroism Spectroscopy-CD spectra were measured on a Mark V Jobin & Yvon spectropolarimeter, using 0.7-ml samples in 2-mm path length quartz cuvettes (Hellma, QS 0.200 series 282). Spectra were scanned between 380 and 460 nm in 0.2-nm steps, using a response time of 1 s and a sensitivity of 2-5 ϫ 10
Ϫ6
, first after reducing the samples with solid ascorbate and then following reduction by solid dithionite. Absolute spectra were obtained as the average of two scans minus that of two buffer blanks. Data are shown as the difference between absolute spectra recorded in the two redox conditions. Monomerization of Cyt b 6 f was achieved by supplementing a dimeric sample in 400 mM ammonium phosphate, 20 mM HG, 0.1 g/liter egg phosphati-dylcholine with solid HG in order to make it 100 mM HG and incubating for 1 h at 4°C in the dark (cf. Ref. 39) .
Examination of Crystal Structures-Examination of protein crystal structure and geometrical measurements were carried out using the CCP4 program package (44) . Unless otherwise stated, distance and angle measurements on Cyt bc 1 refer to the complex from chicken muscle mitochondria (Protein Data Bank code 1BCC; Ref. 2).
RESULTS
Determining the orientation of chromophores in a complex requires the use of an oriented sample. In the present experiments, immobilization was achieved by supplementing samples with polyacrylamide and inducing polymerization. It did not affect the spectrum of the hemes in the b 6 f complex, but depending on the exact experimental conditions, chlorophyll a, on the other hand, could be bleached to different extents (see "Experimental Procedures"). Orientation was then induced by compressing the gel (as detailed in Ref. 45 ). We have performed LD studies both on isolated C. reinhardtii Cyt b 6 f and on liposomes containing Cyt b 6 f co-reconstituted along with Rb. sphaeroides RC. The first type of samples allows only the relative orientation of chromophores with respect to each other to be determined but offers a good resolution of complex spectral contributions. Reconstituted samples enable one to determine the absolute orientation of chromophores with respect to the membrane plane by including a protein of known structure as an internal reference while limiting the overlapping contribution of the large number of chromophores that would be present in native membranes.
Resolution of the Optical Spectra of Individual Hemes-The orientation of a tetrapyrrole ring can be deduced from that of its X and Y electronic transitions. Establishing the orientation of the three hemes in the b 6 f complex, therefore, requires determining the orientations, for each heme, either of the directions of its X and Y transitions (if they are distinguishable) or that of the normal to the ring plane in which they lie (if they are degenerate). In the fully reduced complex, the corresponding absorbance bands overlap. Since the three hemes, however, have different midpoint redox potentials, their spectra can be separated by analyzing spectra of the complex recorded at 100 K at various redox potentials. Given the E m values of the three hemes (19) , only Cytf contributes to spectrum a of Fig. 1A . Under the redox conditions of spectrum b, the totality of Cytf is reduced together with part of heme b H . Spectrum c corresponds to the sum of Cytf and heme b H . Spectrum d also contains a contribution from partially reduced heme b L , whereas in spectrum e all of the three hemes are totally reduced. Decomposition of the ensemble of spectra allows one to resolve the contributions of each heme, as shown in Fig. 1B . The spectrum of Cytf features ␣-band maxima at 547.2 and 551.4 nm and that of heme b H ␣-band maxima at 557.5 and 561 nm (calculated by subtracting spectrum a from spectrum c), whereas the spectrum of heme b L (obtained by subtracting spectrum d from spectrum e) presents a single ␣-band maximum at 560 nm. In this, as in most respects, the Cyt b 6 f complex from C. reinhardtii is similar to the complex from spinach (46) . Timeresolved measurements have shown that, at room temperature, the ␣-band maxima of b H and b L differ by only 0.6 nm (47), making them indistinguishable in static measurements (19) . As our results show, they can, however, be resolved from each other at 100 K, a prerequisite to a detailed LD analysis.
Because of the 4-fold symmetry of metalloporphyrins, ␣ transitions are expected to be degenerate in the heme plane (the X and Y transitions being isoenergetic). However, imbalance along these two axes may arise from asymmetric electrostatic fields created by the surrounding protein (36) . As will be shown below, at 100 K the X and Y transitions of both b H and b L are separated by ϳ3.5 nm. In b H , the absorbance of the two bands is in such a ratio (0.39:1) that the blue-shifted band appears as a distinct shoulder to the left of the ␣ peak, whereas in b L its contribution is smaller (0.26:1) and is mainly reflected in the asymmetry of the peak (Fig. 1B ) (see below in the "Discussion").
Linear Dichroism of the Isolated Complex-Well resolved spectra recorded on the isolated complex were used to ascertain the amplitude and position of each A and LD band. Absorbance and LD spectra recorded on the dithionite-reduced complex (Fig. 2) show relatively well resolved X and Y transitions of heme f at 547.2 and 551.4 nm, whereas peaks at 560.5 nm in the absorbance spectrum and at 556.7 and 561 nm in the LD spectrum reflect the superposition of spectral contributions of b H and b L . At 665.2 nm, the spectra show the pure contribution of the Q Y transition of Chla, and at 627.7 nm the smaller contribution of the Q X transition of chlorophyll overlapped with a vibrational component of the Q Y one (36) . The normalized dichroism (LD/A ratio) did not change significantly across the 665.2 nm band, showing that it is indeed a pure single transition. It was not affected by the variable degree of bleaching occurring upon gel polymerization, indicating that, from the point of view of their orientation, Chla molecules were a homogeneous population.
In order to resolve the complex spectra in the Cyt ␣-band region, we first calculated LD/A ratios for the Cytf transitions using spectra recorded on an ascorbate-treated complex, where only Cytf was reduced (Fig. 3A and Table I ). Spectra obtained under more reducing conditions, where the b H -heme appeared partially reduced (see "Experimental Procedures"), allowed us to determine the LD/A values for the X and Y transitions of heme b H (Table I; reduced sample, we finally resolved the two transitions of the b L -heme at 556.4 and 559.8 nm (Table I ; note that the X and Y transitions of b L , largely overlapped in absorbance spectra, can be distinguished in LD spectra thanks to their opposite signs). The decomposition of the absorbance and LD spectra of the fully reduced hemes of Cyt b 6 f into six transitions is shown in Fig. 3B . Overall, therefore, decomposition of the LD spectra yielded the relative LD/A ratios associated with the X and Y transitions of all three hemes and with the Q Y transition of Chla. In such experiments, the absolute degree of orientation of the sample is not known; recorded LD/A values are proportional to a parameter, ␣, which depends on the extent to which compression has induced anisotropy in the orientations of the particles and on the characteristics of the spectrometer (see "Experimental Procedures"). They are given thereafter in arbitrary units (Table I ) and allow only the determination of the relative orientation of the chromophores with respect to each other.
Linear Dichroism of Reaction Centers and Cyt b 6 f Complexes Co-reconstituted into Liposomes-In order to obtain absolute orientations of the chromophores with respect to the membrane plane, we have used the RC from Rb. sphaeroides as an internal reference in reconstituted proteoliposomes containing both Cyt b 6 f complex and RC, in the presence of either dithionite (Fig. 4) or ascorbate or ferricyanide (data not shown). In these samples, the absorbance at 545 nm arises from the overlapped contributions of the RC bacteriopheophytin (BPheo) and the 547 nm transition of Cytf (see Fig. 2 for comparison) . The contribution of BPheo alone was established using spectra recorded on oxidized samples (not shown). The spectral contributions at 596 and 603.4 nm are due to the accessory BChla and to the special pair P of the RC, respectively.
The crystal structure of the RC from Rb. sphaeroides is known (48) . The primary donor (P) is comprised of two electronically coupled BChla molecules. The planes of the chlorin rings of the two BChls are approximately perpendicular to the membrane plane and present one excitonic component of the interacting Q X transition at ϳ600 nm. The angle between the Q X transition of P and the membrane normal has been determined to be 39 Ϯ 15°(49) or 40 Ϯ 1° (45) . In squeezed gels, where membranes tend to align with the membrane normal parallel to the direction of compression, the Q X transition of P therefore should be tilted by an angle ϭ 39 -40°with respect to the compression axis. Combining the information on with the experimental LD/A ratio for P yields the orientation parameter ␣ (see Equation 1 under "Experimental Procedures"). Knowing ␣, the absolute values of LD/A and therefore absolute orientations with respect to the membrane plane can then be determined for the other transitions in the sample.
An angle ϭ 39 -40°between the Q X transition of P and the normal to the membrane plane, however, yielded values for ␣ that lead to mathematical inconsistencies when treating the LD data on the Cyt b 6 f complex transitions. The smallest angle that yields a self-consistent set of orientations is 46°, the largest 54°(magic angle). Taking experimental errors (Ϯ2.5°, see "Experimental Procedures") into account and considering the possibility of some variation in compression effects on the alignment of the particles, an angle of 46°is in fair agreement with previous LD studies. In order to check on the reliability of our approach, however, we calculated the orientation of the Q Y transition of P (peaking at 870 nm; data not shown) using the assumption that 603.4 ϭ 46°. This hypothesis yielded a tilt of 65°for the Q Y transition with respect to the membrane plane, in close agreement with the value of 68°determined by Tiede (45) . Assuming 603.4 to be greater than 46°would move the orientation of Q Y (and of all other transitions) closer to 54°, i.e. further away from the previous experimental determination. The angles between heme or Chla planes and the membrane plane (Table I ) therefore were calculated assuming 603.4 ϭ 46°.
Orientation of Tetrapyrrole Rings with Respect to the Plane of the Membrane-Equation 2 (see "Experimental Procedures")
can be used to deduce the orientation of the plane of the heme with respect to the membrane, provided it is assumed that the X and Y transitions are orthogonal and lie in the heme plane. This assumption yields angles (averaged on the five independent b 6 f-containing samples studied) between heme planes and the membrane plane of 52°Ϯ 2, 74°Ϯ 2, and 83°for hemes f, b H , and b L , respectively (Table I) .
The situation is more complex as regards the chlorin ring of Chla, because only the Q Y transition can be assigned a defined orientation, namely 49 Ϯ 2°with respect to the compression axis (Table I ). The direction of the Q X transition cannot be determined unambiguously from the present data, because it overlaps with a vibrational component of Q Y . Limits can be set, however, as to its value. Because the 627.7 nm band represents a mixture of the Q X transition and the vibrational component of Q Y , the LD/A ratio at this wavelength also represents a combination of the contributions of both components. The respective weight of these contributions is unknown, but from optical theory the direction of the vibrational component and the electronic transition of Q Y must be the same. The dichroism of the Q Y vibrational component is therefore negative. The positive dichroism of the 627.5 nm band therefore indicates that the contribution of Q X is positive. The LD/A ratio of the 627.5 nm band therefore corresponds to the minimal value associated with the Q X transition. This implies that the angle between the Q X transition and the compression axis must be Ն60 Ϯ 2°.
Deducing the orientation of the chlorin ring with respect to the membrane plane from the directions of the Q X and Q Y transitions further depends on assumptions regarding the an- gle between the two vectors. Assuming the Q X and the Q Y transition moments to be coplanar and orthogonal (as the quasi-symmetry of the chlorin ring might suggest) leads to limiting to 41-55°the range of possible orientations of the Chla plane with respect to the membrane plane. However, while the Q Y transition direction is close to the Y axis of the macrocycle (2-7°o ff this axis) (50; for a recent experimental demonstration, see Ref. 51 ), the Q X transition is closer to the y axis than to the X one (61°off the X axis) (50) . For non-orthogonal transitions, the angle between the normal to the Chla plane and the normal to the membrane is given by Equation 3 (see "Experimental Procedures"). Assuming an angle ϭ 23.5° (50) between X and Y transitions leads to defining a very different range of possible orientations, according to which the plane of the chlorin ring of Chla is tilted by 73.5-90°with respect to the membrane plane.
Circular Dichroism of the Isolated Complex-Previous work
has revealed the existence of an excitonic component in the Soret region of the CD spectrum of Cyt bc 1 , which has been attributed to interaction between hemes b H and b L (Refs. 52-54 and references therein). Since excitonic CD signals are sensitive both to the distance and relative orientation between the interacting chromophores, it seemed interesting to examine the CD spectrum of Cyt b 6 f. As shown in Fig. 5 , the dithionitereduced minus ascorbate-reduced CD spectrum features a bilobed signal similar to that reported for Cyt bc 1 . There are, however, significant differences as follows: (i) expressed as the molar differential extinction coefficient, the b 6 f signal appears much stronger; (ii) it is slightly more asymmetric; (iii) it is slightly red-shifted, so that it crosses the zero line at 433 nm, i.e. at the absorbance maximum in the difference spectrum of the b 6 -hemes (19 c The orientation of hemes f, b H , and b L , as well as that of Chla, have been determined in five independent experiments, two on the liposome-integrated complex and three on the isolated complex. In the two first experiments, the Q X P transition of the reaction center was taken as an internal standard whereas in the other three b L was taken as the reference. The orientations determined for f, b H , and Chla therefore can be given with experimental errors, whereas those for heme b L and the Q Y transition of P cannot.
d The assignment of the optical bands to the Q X and Q Y transitions is known. e The two ranges of angles correspond to alternative assumptions made on the relative orientations of the Q X and Q Y transitions in the Chla plane (see text). The first range results from assuming orthogonality of Q X and Q Y , the second from assuming an angle of only 23.5°between the two transitions (50) .
f The orientation of the Q X transition of P is not deduced from the data but taken as an internal reference (see text).
the two monomers are as close in space one to another as b L and b H are within one monomer (1) . A similar situation is likely to prevail in the dimeric b 6 f complex. In order to find out whether b L /b L interactions contribute to the excitonic signal, purified Cyt b 6 f was converted to monomers by incubation with a high concentration of detergent (a treatment that also removes the Rieske protein and Chla; see Ref. 39) . This treatment had only a small effect on the amplitude of the short wavelength, positive lobe of the CD signal but strongly increased its asymmetry (Fig. 5) .
DISCUSSION
Earlier LD measurements on Cyt b 6 f had been performed on the isolated spinach complex at room temperature (55) . These conditions did not allow the resolution of individual electronic transitions. The present study, performed at 10 K and including photosynthetic RC as an internal standard, makes it possible to determine the orientation of all three hemes with respect to the plane of the membrane. The orientation of the Q Y transition of the red light absorbance band of Chla has also been established and restrictions placed as to those of the Q X transition and the chlorin ring. In order to obtain mathematically meaningful orientations for the heme transitions, the orientation of our reference, the ϳ600 nm Q X transition of the primary RC donor P, was taken to be 46°off the normal to the membrane. Using this assumption, the ϳ870 nm Q Y transition of P was found to be 65°off the normal to the membrane. Both values, in close agreement with the published values (45, 49) , support the reliability of our approach.
Orientation of Chlorophyll a-Five independent measurements performed on the isolated complex (three) and on the reconstituted one (two) yielded an orientation of 41 Ϯ 2°with respect to the membrane plane for the Q Y transition of the b 6 f-associated Chla. This orientation, taking into account theoretical experimental errors (Ϯ2.5°, see "Experimental Procedures"), is very different from that found for the majority of Chla molecules in the thylakoid membrane (36) . A well defined orientation is consistent with the existence of a specific binding site for Chla on the b 6 f complex, as previously concluded from exchange experiments (20) and vibrational spectroscopy measurements (20, 22) . We further determined that the Q X transition of Chla is oriented at 0 -30°with respect to the membrane plane, in agreement with previous work (56) . This orientation cannot be more narrowly defined because, in the visible spectrum of Chla, the Q X transition overlaps with a vibrational component of the Q Y transition (36) and only the minimal value of the linear dichroism of Q X can be ascertained.
Calculating the angle the chlorin ring makes with the membrane plane further depends on assumptions regarding the angle between the Q X and Q Y transitions. Assuming the two transition moments to be orthogonal would imply that the plane of Chla makes an angle of 41-55°with that of the membrane. However, quantum mechanical calculations suggest the two transitions to make an angle of only 23.5°one with another (50) . In this hypothesis, it would follow from the LD data that the chlorin ring is tilted by 73.5-90°with respect to the membrane plane. Both hypotheses, actually, are open to criticism, the first one because it relies only on analogy with porphyrins, and the second because the quantum mechanical calculations assume an isotropic environment. 6 -This is the first study of the organization of hemes in Cyt b 6 f to resort to optical spectroscopy. From previous EPR measurements on the spinach complex, the plane of heme b H was proposed to lie roughly perpendicular to the membrane (26), a conclusion in agreement with the results of the present study. In the EPR studies, however, a single signal was observed at g ϭ 3.6, most probably arising from the overlap of signals from the b H -and b L -hemes. The present LD measurements yield a complete set of assignments for the six electronic transitions comprising the ␣-bands of the three b 6 f-hemes. As presented under "Results," this decomposition assigns quite different weights to the X and Y transitions. Such a situation may seem surprising, since it implies that the probabilities of the two transitions are quite different. Nevertheless, there are many precedents for it, such as Cytf (46) , the c 556 High Potential heme of the photosynthetic RC from Blastochloris viridis (57), and the b L -heme of the bc 1 complex of Rb. sphaeroides (58) .
Arrangement of the Two Hemes in Cyt b
The angles between the planes of porphyrin rings and the membrane plane found in this study (74 Ϯ 2°and 83°for hemes b H and b L , respectively) are identical, within theoretical experimental errors (Ϯ3.5°, see "Experimental Procedures"), to those (73-76°for b H , 82-83°for b L ) determined crystallographically in the bc 1 complex from vertebrate mitochondria (2) . The distance between the iron atoms of the b L -and b H -hemes had been expected to depend on the length of sequence separating the heme carrying histidines, 13 residues in Cyt b versus 14 residues in Cyt b 6 (see "Introduction"). In an ideal ␣-helix, moving a residue by one sequence position translates its ␣-carbon by ϳ1.5 Å longitudinally and ϳ3.2 Å transversally. Our LD data suggest either that such a rearrangement does not take place or that it has no incidence on the tilt of the two b-hemes with respect to the membrane plane. The possibility that the sequence change is accommodated without any relative displacement of the hemes is supported by the observation that insertion of an extra residue in helix D leaves a bacterial bc 1 complex largely unaffected (18) .
In order to probe further the arrangement of b H and b L in the b 6 f complex, we have resorted to CD measurements. Previous work has shown that bc 1 complexes exhibit an excitonic signal, centered on 432 nm in the dithionite-reduced minus ascorbatereduced difference spectrum, which has been attributed to electronic interactions between hemes b H and b L (see Refs. 53-54 and references therein). The strength of the signal is a function both of the distance between the hemes and of the relative orientation of their planes (54) . At variance with LD, CD spectra therefore have the potential to detect relative rearrangements that would leave the tilt of each heme with respect to the membrane plane unchanged. We find that purified Cyt b 6 f from C. reinhardtii features a near-UV CD spectrum roughly similar to that of Cyt bc 1 , but both more intense (peak-to-peak ⌬⑀ in the differential dithionite-minus-ascorbate spectrum is 300 versus 130 -200 M Ϫ1 ⅐cm Ϫ1 for beef heart bc 1 ; see Refs. 53 and 59). The excitonic signal is detectable only following reduction with dithionite, and the dithionite-reduced minus ascorbate-reduced spectrum is centered on 433 nm, indicating that it originates from the b 6 -hemes (cf. Ref. 19) . Assuming the same extinction coefficients as used here and the measurements to have been done in 1-cm cuvettes, the data shown in Ref. 59 correspond to a peak-to-peak differential extinction coefficient , further increasing the difference between the two complexes. The stronger signal cannot result either from differences in dipole strengths between the various b-type hemes, given that those are probably somewhat smaller in the b 6 f than in the bc 1 complex (60) . Interpreting the more intense CD signal of Cyt b 6 f in terms of relative rearrangement of hemes b H and b L also raises difficulties. According to the theoretical treatment of heme/heme interactions given by Palmer and Degli Esposti (54) , moving the two b-hemes apart by ϳ2 Å (the likely increase in distance between histidine ␣-carbons were the intervening ␣-helix elongated by one residue) is predicted to decrease the intensity of the excitonic signal by ϳ15%. In the crystallographic structure of chicken muscle Cyt bc 1 (2), the planes of hemes b H and b L make one with another an angle of ϳ48°, close to that (45°) considered to permit optimal excitonic interaction (54) . Except if heme planes happened to be rotated by 90°with respect to each other, in which case no intensity change would result, any departure from the position observed in the bc 1 complex would therefore be expected to decrease the CD signal.
Given the proximity between b L -hemes in the bc 1 dimer (in chicken bc 1 (1, 4) , imposes that the angle between the planes of the two b L -hemes be conserved. A stronger interaction could be generated if the distance between the two b L -hemes were shorter in Cyt b 6 f than in the bc 1 complex but, given the unfavorable angle, the contribution of this effect to the overall CD signal would be expected to be small. In order to experimentally test this hypothesis, we converted native, dimeric Cyt b 6 f to monomers by incubating it with detergent (39). Following this treatment, the intensity of the positive lobe of the CD signal decreased only slightly, whereas that of the smaller negative lobe was more strongly affected. The increased asymmetry of the spectrum implies the contribution of non-excitonic components in the detergent-treated complex, indicative of a perturbation of heme conformation and/or environment within a monomer. Neither theoretical considerations nor experimental observations, therefore, conclusively support the idea that increased b L /b L interactions may account for the strength of the b 6 f CD signal.
In summary, LD data indicate that the angles the planes of hemes b H and b L make with that of the membrane are very similar in Cyts bc 1 and b 6 f and CD data do not suggest changes in their distance or relative orientation. These data therefore suggest that the relative position of the hemes have changed very little in the course of evolution, an important point for homology modeling. How the extra residue in the sequence of helix D is accommodated cannot be predicted with certainty since either a slight change of pitch in the helix and/or the formation of an "␣-aneurysm" (-bulge) could permit the C ␣ positions of the two histidine residues to remain unchanged (61, 62) . There are precedents for -bulges in transmembrane ␣-helices (63, 64) . In bacterial reaction centers, for instance, the single transmembrane helix of subunit H features one more residue in B. viridis than in Rb. sphaeroides. Comparison of the two structures (Protein Data Bank codes 1PRC and 1AIJ; Refs. 65 and 66) shows that the C ␣ coordinates of the other residues remain essentially unchanged, the extra residue being accommodated by a localized -bulge (64) . We note that a -bulge localized close to Thr-188, the extra residue in C. reinhardtii Cyt b 6 , would create a locally more hydrophilic environment, providing extra opportunities for hydrogen bond formation in the immediate vicinity of heme b L . Comparative Raman resonance spectroscopy of the hemes in bacterial Cyt bc 1 and spinach Cyt b 6 f on the other hand suggests that the structure of heme b L is very similar in the two complexes, whereas that of b H is slightly more distorted in the b 6 f complex (67) .
Orientation of Heme f-Our LD data indicate that the plane of heme f makes an angle of 52 Ϯ 2°with the membrane plane, very different from the angle of 74 -79°observed in the crystallographic structure of the bc 1 complex (2, 3). Such a discrepancy is not unexpected, given the different evolutionary origins and folds of Cyts f and c 1 .
More surprisingly, a 52 Ϯ2°angle is also at odds with the results of EPR measurements on isolated and membrane-integrated spinach b 6 f complex, from which it was concluded that the plane of heme f makes a 25-30°angle with that of the membrane (24 -26) . This difference is much greater than the experimental variation observed in Cytf orientation with respect to the other chromophores in our five independent experiments and to theoretical errors (Ϯ3.5°). The small difference between the calculated orientation of heme f in the solubilized (49 -51°) and the reconstituted complex (54°) could result simply from the difficulty of measuring the contribution of f at 547.2 nm over the background of the large 545-nm BPheo peak and is within the range of theoretical errors. It does not seem likely either that the difference between the EPR and LD experiments be due to erroneous assumptions regarding the orthogonality of X and Y transitions; whatever assumption is made regarding the angle between these transitions (cf. Equation 3), the angle between the plane of heme f and that of the membrane cannot be made smaller than 45°. Neither could the discrepancy be accounted for by an inappropriate assumption regarding the orientation of our reference transition (see "Results").
On the other hand, we note that in LD experiments Cytf has been studied in its reduced state, whereas it was in the oxidized state in EPR experiments. X-ray data indicate that the Rieske protein of the bc 1 complex undergoes large scale displacements upon binding of inhibitors to the Q o site (2). Recent EPR measurements (23) and cryoelectromicroscopy data 2 show that similar events take place in the b 6 f complex. In bc 1 crystals, the movement of the Rieske protein is not accompanied by a significant displacement of Cyt c 1 . However, recent EPR data indicate that the conformational change of the Rieske protein in both the bc 1 and b 6 f complexes can also be induced by modulating its redox state (68) . There are, to our knowledge, no data yet regarding the effect of redox potential on heme orientation in either the bc 1 or the b 6 f complex. Interestingly, LD data collected on beef heart mitochondrial bc 1 complex are in agreement with crystallographic data as regards the relative arrangement of hemes b H and b L , but again at odds with them as regards the orientation of heme c 1 (6) . Whether the transition between redox states is accompanied by a reorientation of f and c 1 hemes is under further examination.
